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HIGHLY-PARALLEL, IMPLICIT 
COMPOSITIONAL RESERVOIR SIMULATOR 

FOR MULTI-MILLION-CELL MODELS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to computerized simulation 

of hydrocarbon reservoirs in the earth, and in particular to 
simulation of historical performance and forecasting of pro 
duction from such reservoirs. 

2. Description of the Related Art 
So far as is knoWn, the development of compositional 

reservoir simulators in the industry has been restricted to 
models discretized With a relatively small number of cells (of 
the order of 100,000). Models of this type may have provided 
adequate numerical resolution for small to medium size 
?elds, but become too coarse for giant oil and gas ?elds of the 
type encountered in the Middle East and some other areas of 

the World, e.g., Kazakhstan, Mexico, North Sea, Russia, 
China, Africa and the United States. As a result of this, su?i 
cient cell resolution Was only possible at the expense of 
dividing the reservoir model into sectors. This, hoWever arti 
?cially imposed ?oW boundaries that could distort a true or 
accurate solution. 

Another standard practice in the industry has been that of 
“upscaling” detailed geological models. “Upscaling” is a pro 
cess that coarsened the ?ne-cell geological discretization into 
computational cells coarse enough to produce reservoir mod 
els of more manageable size (typically in the order of 100, 
000-cells). Such coarsening inevitably introduced an averag 
ing or smoothing of the reservoir properties from a geological 
resolution grid of tens of meters into a much coarser grid of 
several hundred meters. This practice made it virtually impos 
sible to obtain an accurate solution for giant reservoirs With 
out excessive numerical dispersion. As a result, an undesir 
able effect Was presentithe geological resolution Was being 
compromised at the expense of better ?uid characterization. 

Yet another compromise undertaken by the industry over 
the years has been that of performing a “semi-compositional” 
simulation, by Which an equation of state program Was used 
to provide compositional properties to a black-oil simulator 
While only solving the ?oW equations for three components 
(oil, Water and gas). This approximation simpli?ed the heavy 
computational burden at the expense of limiting itself to those 
problems Where compositional changes in the reservoir Were 
small and did not require full tracking of the ?oW of individual 
components, such as in US. Pat. No. 5,710,726. 

SUMMARY OF THE INVENTION 

Brie?y, the present invention provides a neW and improved 
method of computerized simulation of the ?uid component 
composition of a subsurface reservoir partitioned into a num 
ber of cells by a set of computer processing steps. The com 
puter processing steps include forming a postulated measure 
of equilibrium compositions for the component ?uids in a 
cell. The computer processing steps also include forming a 
postulated measure of species balance for the component 
?uids in the cell. If the measures are not Within the speci?ed 
level of prescribed tolerance, computer processing continues. 
The computer processing steps are repeated With adjusted 
values of the postulated measures until the measures are 
Within the speci?ed level of prescribed tolerance. When this is 
determined to be the case, the measures obtained for that time 
of interest are stored, and the time of interest is adjusted by an 
increment so that the processing steps may proceed for the 
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2 
neW time of interest. The processing sequence described 
above continues for the entire simulation until a complete 
compositional solution of the subsurface reservoir over a 
projected period of time is obtained. 
The computer processing steps according to the present 

invention are suitable for performance in a variety of com 
puter platforms, such as shared-memory computers, distrib 
uted memory computers or personal computer (PC) clusters, 
Which permits parallelization of computer processing and 
reduction of computer processing time. 
The results of these tWo computer processing steps are then 

used in determining if the postulated measure of equilibrium 
compositions and species balance for the component ?uids in 
the cell are Within a level of user-prescribed tolerances. 

And all those qualities and objectives that Will be evident 
When carrying out a description of the invention herein, sup 
ported in the illustrated models. 

To better understand the characteristics of the invention, 
the description herein is attached, as an integral part of the 
same, With draWings to illustrate, but not limited to that, 
described as folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent application ?le contains at least one draWing 
executed in color. Copies of this patent application publica 
tion With color draWings Will be provided by the O?ice upon 
request and payment of necessary fee. 
A better understanding of the present invention can be 

obtained When the detailed description set forth beloW is 
revieWed in conjunction With the accompanying draWings, in 
Which: 

FIGS. 1, 1A, 1B and 1C are isometric vieWs of a compo 
sitional model of a giant subsurface hydrocarbon reservoir for 
Which measurements are simulated according to the present 
invention. 

FIG. 2 is an enlarged isometric vieW of one individual cell 
from the subsurface hydrocarbon reservoir model of FIG. 1B. 

FIG. 3 is an example data plot according to the present 
invention, of a section of the model along the line 3-3 of FIG. 
1C, shoWing computed oil saturation as a function of depth at 
a future date for that location in the subsurface hydrocarbon 
reservoir model of FIGS. 1A, 1B and 1C. 

FIG. 4 is an example data plot according to the present 
invention, of a section of the model along the line 3-3 of FIG. 
1C, shoWing computed ?uid pressure as a function of depth at 
a comparable date to the date of the display in FIG. 3 for that 
location in the subsurface hydrocarbon reservoir model of 
FIGS. 1A, 1B and 1C. 

FIGS. 5A, 5B, 5C and 5D are example data plots according 
to the present invention, of a section of the model along the 
line 3-3 of FIG. 1C, shoWing computed mole fraction for 
different components of a compositional ?uid as a function of 
depth at a comparable date to the date of the display in FIG. 3 
for that location in the subsurface hydrocarbon reservoir 
model ofFIGS. 1A, 1B and 1C. 

FIG. 6 is a functional block diagram of processing steps 
during computerized simulation of ?uid ?oW according to the 
present invention in the subsurface hydrocarbon reservoir 
model of FIG. 1. 

FIGS. 7, 8, 9 and 10 are schematic diagrams of various 
computer architectures for implementation of mixed-para 
digm parallel processing of data for ?oW measurement simu 
lation according to the present invention. 
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FIG. 11 is a plot of proj ected gas production and projected 
oil production over a number of future years obtained accord 
ing to the present invention from the model of FIGS. 1A, 1B 
and 1C. 

To better understand the invention, We shall carry out the 
detailed description of some of the modalities of the same, 
shoWn in the drawings With illustrative but not limited pur 
poses, attached to the description herein. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A. Introduction and Parameter De?nitions 
In the drawings, the letter M (FIGS. 1A, 1B and 1C) des 

ignates a compositional model of a subsurface hydrocarbon 
reservoir for Which measurements of interest for production 
purposes are simulated according to the present invention. 
The results obtained are thus available and used for simula 
tion of historical performance and for forecasting of produc 
tion from the reservoir. The model M in FIGS. 1A, 1B and 1C 
is a model of the same structure. The different ?gures are 
presented so that features of interest may be more clearly 
depicted. In each of FIGS. 1A, 1B and 1C, a display of oil 
saturation ranging from 0.0 to over 0.9 is superimposed. 
The actual reservoir from Which the model M is obtained is 

one Which is characterized by those in the art as a giant 
reservoir. The reservoir is approximately some six miles as 
indicated in one lateral (or x) dimension as indicated at 10 in 
FIG. 1A and some four miles in another lateral (or y) dimen 
sion as indicated at 12 in FIG. 1A and some ?ve hundred feet 
or so in depth (or Z). The model M thus simulates a reservoir 
With a volume of on the order of three hundred billion cubic 
feet. 

The model M is partitioned into a number of cells of suit 
able dimensions, one of Which from FIG. 1B is exempli?ed in 
enlarged form at C (FIG. 2). In the embodiment described, the 
cells are eighty or so feet along each of the lateral (x and y) 
dimensions as indicated at 16 and 18 and ?fteen or so feet in 
depth (Z) as indicated at 20. The model M of FIG. 1 is thus 
composed of 1,019,130 cells having the dimension shoWn for 
the cell C of FIG. 2. 

In the cells C of the model M, a ?uid pressure is present, as 
Well as moles N1- of various components of a compositional 
?uid. As shoWn in FIG. 2, there are eight possible component 
hydrocarbon ?uids having moles Nl through N8, inclusive, as 
Well as Water having moles NW possible present as component 
?uids in the compositional ?uid of the cells C. It should be 
understood that eight hydrocarbon ?uids is given by Way of 
example and other numbers could be used, if desired. 

Each individual cell C is located at a number co-ordinate 
location i, j, k in the x, y, Z co-ordinate system, as shoWn in 
FIG. 2 at co-ordinates x:i; yIj; and Z:l(, and each of the eight 
possible ?uid components N1- in cell C at location (i,j,k) has a 
possible mole fraction xi in the liquid phase and a possible 
mole fraction yl- in the gas phase. 

It can thus be appreciated that the number of cells and 
components of a compositional ?uid in the model M are 
vastly beyond the processing capabilities of compositional 
reservoir simulators described above, and that the reservoir 
Would be considered giant. Thus, simulation of a reservoir of 
this siZe Was, so far as is knoWn, possible only by simpli?ca 
tions or assumptions Which Would compromise the accuracy 
of the simulation results, as has also been described above. 

With the present invention, a fully-paralleliZed, highly 
e?icient compositional implicit hydrocarbon reservoir simu 
lator is provided. The simulator is capable of solving giant 
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4 
reservoir models, of the type frequently encountered in the 
Middle East and elseWhere in the World, With fast turnaround 
time. The simulator may be implemented in a variety of 
computer platforms ranging from shared-memory and dis 
tributed-memory supercomputers to commercial and self 
made clusters of personal computers. The performance capa 
bilities enable analysis of reservoir models in full detail, using 
both ?ne geological characteriZation and detailed individual 
de?nition of the hydrocarbon components present in the res 
ervoir ?uids. 

In connection With the processing according to the present 
invention, a number of parameters and variables relating to 
the pressure, ?oW and other measurements (Whether histori 
cal or forecast) are involved. For ease of reference, the various 
parameters and variables for the purposes of the present 
invention are de?ned as folloWs: 

Ai:mixing rule for binary interaction coe?icients in equa 
tion of state (EOS) 

aZ-I?rst equation of state (EOS) parameter for component i 
am:mixing rule for “a” parameter in EOS 
bi:second equation of state (EOS) parameter for compo 

nent i 
bm:mixing rule for “b” parameter in EOS 
b1, b2, b3:Canonical equation of state (EOS) parameters 
cIshift parameter in EOS 
K:rock permeability 
krfrelative permeability of phase j (j can be “0” for oil, “g” 

for gas or “W” for Water) 
Ni:Moles of hydrocarbon component i 
NWIMoIes of Water 
P:reservoir pressure 
PCZ-IcriticaI pressure for component i 
qZ-IHOW rate sink/ source (from the Wells) for component i 
qWI?oW rate sink/ source (from the Wells) for Water 
Rqlniversal gas constant 

si:individual shift parameter for component i 
T:reservoir temperature 
TCZ-IcriticaI temperature for component i 
T,l-:reduced temperature (Tn-:T/Td) for component i 
t?ime of reservoir production being simulated 
Vq/olume of ?uid in equation of state 
xi:Mole fraction of component i in the liquid phase 
yi:Mole fraction of component i in the gas phase 
ZI?uid compressibility factor (:PV/RT) 
Z:reservoir depth 
Greek letter variables: 
olfbinary interaction coe?icient betWeen any tWo compo 

nents i and j 
(pl-:fugacity coe?icient for component i 
wiIaccentric factor for component i 
pj:Molar density ofphasej (j can be “0” for oil, “g” for gas 

or “W” for Water) 
YJ-IMass density ofphasej (j can be “0” for oil, “g” for gas 

or “W” for Water) 
uj:Viscosity ofphasej (i can be “0” for oil, “g” for gas or 

“W” for Water) 
EZ-J-IMoIe fraction of component i in phase j 

B. De?nitions 
The present invention is a fully-paralleliZed, highly-e?i 

cient implicit compositional reservoir simulator capable of 
solving giant reservoir models frequently encountered in the 
Middle East and elseWhere in the World. It represents an 
implicit compositional model Where the solution of each 
component is fully coupled to other simulation variables. 
Because of its implicit formulation, numerical stability is 
unconditional and not subject to speci?c restrictions on the 
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time step size that can be taken during simulation. Certain 
terms are de?ned below With reference to the present inven 
tion. 
By highly-parallelized it is meant that the present invention 

uses a highly-e?icient mixed-paradigm (MP1 and OpenMP) 
parallel programming model for use in both shared and dis 
tributed memory parallel computers. 
By highly e?icient it is meant that the present invention has 

a parallel design that maximizes the utilization of each pro 
cessor’s ?oating-point capabilities While minimizing com 
munication betWeen processors that Would tend to reduce 
overall e?iciency. The result of this high e?iciency is attain 
ing very high scalability as the number of processors is 
increased and providing fast simulation turnaround. By 
implicit it is meant that the present invention solves the ?uid 
?oW equations in the reservoir using a fully coupled implicit 
time-stepping scheme, Without lagging any of the reservoir 
variables to make sure that the algorithm stability is fully 
unconditional and independent of the time-step size taken. 
By full compositional model it is meant that the present 

invention solves for and tracks the ?oW of individual hydro 
carbon species in the oil and gas phases throughout the res 
ervoir, taking into account effects caused by high-speed gas 
?oWs such as non-Darcy ?oW effects in the Well bore (through 
the use of rate-dependent skin) and in the reservoir (by solv 
ing the Forchheimer equation). 
By giant reservoir models it is meant models having mil 

lions of computational cells that are needed to discretize large 
reservoirs into an adequate mesh With ?ne spatial resolution 
to guarantee high numerical, geological and engineering 
accuracy, including provision of proper handling of the ther 
modynamics (i.e. average pressure in coarse grid-blocks can 
not trigger phase changes correctly). Giant reservoirs of oil 
and gas ?elds are found in the Middle East, Former Soviet 
Union, United States, Mexico, North Sea, Africa, China and 
Indonesia. 

The goal of the present invention hinges precisely on 
removing this serious numerically-dispersive limitation by 
solving the reservoir ?oW at generally the same resolution as 
provided by current state-of-the-art reservoir characterization 
and seismic inversion technologies, While at the same time 
avoiding any subdivision of the model into sectors With the 
attendant errors introduced by arti?cial ?oW boundaries and 
Without compromising the number of hydrocarbon compo 
nents needed for accurate ?uid property characterization. 

C. Three-Dimensional Reservoir Fluid FloW Modeling 
The present invention is accomplished by a series of com 

puter processing steps, by the use of Which a three-dimen 
sional solution of ?uid ?oW in oil and gas reservoirs at the 
individual hydrocarbon-component level is obtained. 

According to the present invention, With computer data 
processing, a system of non-linear, highly coupled partial 
differential equations With nonlinear constraints is solved, 
representing the transient change in ?uid compositions (i.e. 
saturations) and pressure in every cell C of the discretized 
?nite-difference domain. The saturation in every cell C can 
change due to ?uid motion under a potential gradient, a com 
position gradient, or the effect of sinks (i.e. production Wells) 
or sources (i.e. injection Wells) as Well as the effects of pres 
sure changes on rock compressibility. 
One non-linear partial differential equation is solved for 

each hydrocarbon component N. The distribution of each 
such component in the gas or liquid phases is governed by 
thermodynamic equilibrium, Which is solved as a coupled 
system together With the ?oW equations. The numerical mini 
mization of Gibbs’ Free Energy attained by solving this sys 
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6 
tem of equations represents the distribution of compositions 
in all phases (vapor and liquid) for that particular time step. 
TWo so-called “equations-of-state” (EOS) are available in the 
invention to perform the phase equilibrium calculations. 
These EOS are knoWn as Peng-Robinson and Soave-Redlich 
KWong. Both EOS formulations provide for third-parameter 
correction of the ?uid densities via What is knoWn in the art as 
“shift parameter”. They also provide the ?exibility to change 
the constant coef?cients of these correlations (knoWn in the 
art as “W A” and “ B” respectively) to better accommodate 
?uid characterizations that optimally match laboratory data. 

Convergence Within one time step is obtained by NeWton 
Raphson iterations using a J acobian matrix Which is derived 
analytically from the discretized non-linear algebraic equa 
tions. Each NeWton iteration invokes an iterative linear solver 
Which must be capable of handling any number of unknoWns 
per cell. The time step is advanced to the next interval (typi 
cally one month or less) only after the previous step has fully 
converged. Then the linearization process is repeated at the 
next time step level. 
The total number of unknoWns is 2 Nc+2 (Where NC is the 

total number of hydrocarbon components from ?uid charac 
terization). The ?rst NC equations correspond to fugacity rela 
tions for thermodynamic equilibrium and, being local to each 
cell, can be removed from the system by Gaussian elimina 
tion since they do not involve any interaction With neighbor 
ing cells, thus reducing the burden of the iterative linear solver 
to only Nc+2 equations per cell. 

Since the ?oW of gas in the reservoir of model M can attain 
high velocity near any producing Wells, the present invention 
uses Non-Darcy ?oW techniques, such as rate-dependent skin 
at the Well bore and the Forchheimer equation in the reservoir, 
to circumvent the linear assumption betWeen velocity and 
pressure drop that is inherent to simulators based solely on 
Darcy’s equation. 

D. Computer Implementation 
A ?oWchart F (FIG. 6) indicates the basic computer pro 

cessing sequence of the present invention and the computa 
tional sequence taking place during application of a typical 
embodiment of the present invention. 
Read Geological Model, (Step 100): Simulation according 

to the present invention begins by reading the geological 
model as input and the time-invariant data. The geological 
model read in during step 100 takes the form of binary data 
containing one value per grid cell of each reservoir model 
property. These properties include the folloWing: rock perme 
ability tensor; rock porosity, individual cell dimensions in the 
x, y and z directions; top depth of each cell; andx-y-z location 
of each existing ?uid contacts (gas-oil-contact, gas-Water 
contact, oil-Water-contact, as applicable). 

Time-invariant data read in during step 100 include the 
?uid characterization composition and thermodynamic prop 
erties of each component (critical temperature, critical pres 
sure, critical volume, accentric factor, molecular Weight, 
parachor, shift parameter and binary interaction coe?icients). 
The time-invariant data also includes ?uidrelative permeabil 
ity tables that provide a value of relative permeability for a 
given ?uid saturation for the reservoir rock in question. 
Read Recurrent Data (Step 102): Recurrent data read in 

during step 102 is time-varying data and, as such, it must be 
read at every time step during the simulation. It includes the 
oil, gas and Water rates of each Well that have been observed 
during the “history” period of the simulation (the period of 
knoWn ?eld production data that is used to calibrate the simu 
lator). It also includes production policies that are to be pre 
scribed during the “prediction” phase (the period of ?eld 
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production that the simulator is expected to forecast). Pro 
duction policy data include data such as rates required from 
each Well or group of Wells and constraints that should be 
imposed on the simulation (such as maximum gas-oil ratios, 
minimum bottom-hole-pressure alloWed per Well, etc.). This 
data can change over periods of time based on actual ?eld 
measurements during the “history” phase, or based on desired 
throughput during the “prediction” phase. 

DiscretiZe Model (Step 104): Calculation of rock transmis 
sibilities for each cell based on the linking permeability and 
cell geometry is performed for every cell and stored in 
memory. There are a number of such models for transmissi 
bility calculation to those familiar With the art depending on 
the input data (such as block-face or block-center permeabil 
ity). In addition, the pore volume of every cell is computed 
and stored in memory. 

InitialiZe Reservoir (Step 106): Before simulation takes 
place, the initial distribution of the ?uids in the reservoir must 
be computed. This process involves iteration for the pressure 
at every cell. The pressure at every point is equal to a “datum” 
pressure plus the hydrostatic head of ?uid above it. Since 
hydrostatic head at a cell depends on the densities of the 
column of ?uid above it, and density itself depends on pres 
sure and ?uid composition via an equation of state (or EOS, 
described beloW), the solution is iterative in nature. At each 
cell, the computed pressure is used to compute a neW density, 
from Which a neW hydrostatic head and cell pressure is 
recomputed. When the pressure iterated in this fashion does 
not change any further, the system has equilibrated and the 
reservoir is said to be “initialized.” 

EOS and property calculation (Step 108): Fluid behavior is 
assumed to folloW an equation-of-state (EOS). The EOS typi 
cally chosen in the art should be accurate for both liquid and 
vapor phase, since its main purpose is to provide densities and 
fugacity coe?icients for both phases during phase equilib 
rium calculations. The present invention provides the choices 
of using either Peng-Robinson or Soave-Redlich-KWong, 
tWo popular equations-of-state knoWn to those familiar With 
the art. The general (or “canonical”) form of the equation of 
state is: 

RT am 

Where the parameters and variables in the foregoing equation 
are de?ned in the manner set forth above. 

For calculations using the Peng-Robinson equation of 
state, the b parameters are de?ned as: 

For calculations using the Soave-Redlich-KWong equation 
of state, the b parameters are de?ned as: 

51:5,"; 52:5,"; 53:0 

Furthermore, the folloWing so-called “mixing rules” to 
generate EOS parameters from multi-component mixtures 
used are the conventional ones knoWn in the art: 
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-continued 

Where the xi are the individual mole fractions of each com 
ponent “i” in each phase. And the individual values of each 
component’s a and b parameters are given by: 

For Peng-Robinson: 

WB:0.0778; WA:0.45724 

W F:0.37464+1.5422603-026992032 

For Soave-Redlich-KWong: 

WB:0.0866; WA:0.4275 

The W A and WE parameters are usually kept constant in 
EOS calculations described in the literature, but the tech 
niques of the present invention alloW them to be speci?ed as 
inputs in the present invention. This occurs because, in some 
cases, a more accurate ?uid characterization can be achieved 
by changing these parameters. 

In order to compute the equilibrium compositions (in both 
liquid and vapor phase, should both phases exist), a system of 
nonlinear equations must be solved, Which enforce the ther 
modynamic constraint that, for each component c of a total of 
NC hydrocarbon components the product of the fugacity coef 
?cient times mole fraction must be identical in both phases. 
This is thermodynamically equivalent to the equality of 
fugacities for both phases. In mathematical notation: 

It is to be noted that there is one such equation for each 
hydrocarbon component, so this represents a system of NC 
nonlinear equations. In the system of nonlinear equations the 
natural logarithm is typically used in the art because the 
fugacity coe?icients are usually given in logarithmic form. In 
order to compute the fugacity coe?icient needed in this equa 
tion, the EOS must be integrated in accordance to the ther 
modynamic relationship: 

Where the parameters and variables are de?ned in the manner 
set forth above. 

Integration results in the analytical expression: 












